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Abstract—This paper demonstrates the statistical analysis of a
receiver’s voltage outputs from laser beam alignment adjustments
in a laser-based wireless power transmission’s experimental
photovoltaic cell characterization test. The purpose of the
experiment is to investigate how the voltage outputs of the
photovoltaic cell vary in response to changes in the X-axis distance
between the center of the transmitter’s laser beam and the center
of the receiver’s vertical multi-junction photovoltaic cell, with
constant laser power supply wattage at 𝟏. 𝟒 𝑾 and constant driver
current at 𝟐. 𝟎𝟖𝑨. The experimental data collected from the LPT
configuration is used in statistical analysis involving normality
tests, hypothesis testing, regression analysis, and ANOVA test. All
empirical data is collected and analyzed through a combination of
computer programming for voltage sensor readings, optical and
electrical engineering between primary hardware components, the
voltage sensor, and high-intensity laser beaming subsystems, and
integrated data logging and graphical representations through
EXCEL’s Data Streamer using a constant time interval of
𝟏𝟓𝟎 𝒎𝒔. The procedure accomplishes a replicable method for
field sensor data logging as a preliminary for the transmitter’s
optical gimbal motor controls of the X and Y directions of the laser
beam collimator holding the fiber optic cable. For statistical
models and computational calculations, Minitab 18.0 Statistical
Software is used.
Keywords—laser-based wireless power transmission, Gaussian
laser beam, laser beam collimator, PV-cell characterization,
photovoltaic cells, electrical output variables, statistical analysis,
graphical representation of electrical variables, voltage sensor
outputs, EXCEL’s Data Streamer, data logging of sensor data,
Minitab 18.0, statistical modeling, engineering statistics, normality
test, hypothesis testing, regression analysis, ANOVA

I. INTRODUCTION
Laser-Based Wireless Power Transmission requires testing
and evaluation of its near-field system performance, specifically
for optical-to-electrical energy conversion efficiency analysis.
Specific characteristic indicators provide adjustable factors in
comparable models for component-level and subsystem-level
performance testing of laser-based wireless power transmission
technologies and their evaluation methods. The LPT system
includes a laser power source, fiber optic laser cable, collimator,
PV cell with a thermoelectric isolator plate (thermally
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conductive but electrically non-conductive material for isolation
between PV cell and heat sink), a heat sink, and negative and
positive leads from the PV cell to the test output load. During
the test and evaluation stage, the PV cell leads are wired
appropriately to the output terminals of the voltage sensor to
measure the output voltage of the PV cell.
This study evaluates how the change in the X-axis distance
between the center of the vertical multi-junction photovoltaic
cell and the Gaussian laser beam (in 𝑚𝑚) affects the voltage
output from the photovoltaic cell. Decreasing the x-axis 𝑚𝑚
using the collimator moves the collimator to the right and
increasing the x-axis 𝑚𝑚 moves the collimator to the left. The
effects on system performance can be further investigated using
evaluation indexes extracted from experimental tests. The
normality tests, hypothesis testing, analysis of variance, and
regression analysis consider the voltage outputs per distance as
sample sets for which 𝑛 = 300 voltage samples are taken as a
function of time; 𝑛 can also be regarded as the number of tests
or data points. To model how voltage varies as the laser beam to
PV cell alignment changes, 10 X-axis distances are selected
while keeping constant both the collimator’s Y-axis calibration
distance and the distance between the laser collimator and PV
cell (at ~531.5 𝑚𝑚). 5 𝑚𝑚 is used as the reference distance
(axial center), with the varying distances decreasing to 0 𝑚𝑚
and increasing to 10 𝑚𝑚.
Furthermore, to compare results from the aforementioned
primary experiment possibly containing the inherent errors
produced by the voltage sensor, a simple linear regression
analysis is conducted with data from a second experimental trial
that uses a multimeter to obtain photovoltaic output voltage
responses as functions of changes in both input laser supply
wattage and laser beam x-axis alignment. Data from the
constant laser power supply wattage at 1.4 𝑊 is kept from both
trials.
II.

DATA TABULATIONS AND GRAPHICAL
REPRESENTATIONS

The raw data graph showing data points for photovoltaic
output voltage (𝑉) per laser beam alignment (𝑚𝑚) versus time
is shown below:

The raw data set, initially collected as voltage outputs (𝑉) per
laser beam alignment (𝑚𝑚) as a function of time, is adjusted
so as to obtain the average voltage per each laser beam
alignment, each representative of the large sample sizes of
each voltage sample set.

Figure 1. Time vs. Photovoltaic Output Voltage per Laser Beam Alignment Graph

Associated with Tables 1a and 1b are the voltages per laser
beam alignment as a function of time, from which Figure 1
was extracted. Note: Tables 1a and 1b are parts of the data set
containing 𝑛 = 300 voltage samples; For the sake of brevity,
Tables 1a and 1b show only subsets of the whole sample sizes.

Table 2. Average voltages per laser beam alignment

Descriptive statistics and data summaries are shown below:

Figure 2. Descriptive Statistics for Experimental Variables

Table 1a. Time vs. Photovoltaic Output Voltage per Laser
Beam Alignment Tabulation; Voltages for 0 𝑚𝑚 − 4 𝑚𝑚

Figure 3. Data Summary for Average Photovoltaic Voltage

III.

HYPOTHESIS TESTING

Hypothesis testing is conducted using the mean averages. The
average voltages (𝑉) are graphed as the dependent variable
versus the laser beam alignment (𝑚𝑚) as the independent
variable. Figure 4 shows that the distribution of the average

Table 1b. Time vs. Photovoltaic Output Voltage per Laser
Beam Alignment Tabulation; Voltages for 5 𝑚𝑚 − 10 𝑚𝑚
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voltage output vs. laser beam x-axis alignment looks close to a
normal Gaussian distribution.

𝑍: =

𝑥̅ − 𝜇:
𝜎
√𝑛

With a fixed significance level of 𝛼 = 0.05, the rejection
criterion for fixed-level tests is:
𝑍: > 𝑍H⁄I or 𝑍: < −𝑍H⁄I
The results of running the 1-sample Z tests are shown below:

Figure 4. Average Photovoltaic Voltage Output (V) vs. Laser
Beam X-Axis Alignment Graph

The statistical hypothesis is that the photovoltaic voltage
output is normally distributed as a function of the x-axis laser
beam alignment, centralized with 5 𝑚𝑚 as the maximum
output voltage point from the population of output voltage
averages on the normal distribution graph. The null hypothesis
and the two-sided alternative hypothesis for the laser-beam
alignment variable are respectively:

Figure 5. One Sample Z Test for laser-beam x-axis alignment

𝐻: : 𝜇 = 5 𝑚𝑚
𝐻= : 𝜇 ≠ 5 𝑚𝑚
The null hypothesis and the two-sided alternative
hypothesis for the photovoltaic output voltage variable are
respectively:
𝐻: : 𝜇 = 3.119 𝑉
𝐻= : 𝜇 ≠ 3.119 𝑉
A statistical analysis using the two variations of the hypothesis
test can be influenced by a hypothesis on the ratio of the two
variables that cause the highest photovoltaic output voltage
with the constant input laser input power supply wattage and
driver current. A question asked could be: What is the most
efficient ratio between the two variables? An associated
question could be: What ratio between the two variables of
laser beam alignment and photovoltaic output can we expect?
The analyst can reasonably presume a 5 𝑚𝑚:~3.2 𝑉 ratio
between the variables and use hypothesis testing to test this
hypothesis.

Figure 6. One Sample Z Test for average
photovoltaic voltage output

It is hypothesized with the null hypothesis that the mean 𝜇 of
the single population of x-axis laser beam alignment is 5 𝑚𝑚,
given the normal distribution. With variance 𝜎 known, the test
statistic is:
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voltage and the mean distance between the center of the
photovoltaic cell and the center of the laser beam as 1:1.
The test statistic is:
𝑍: =

VVV= − VVV
𝑋
𝑋I − Δ:
𝜎I 𝜎I
W = + I
𝑛=
𝑛I

𝑍: =

𝑍: =
𝑍: =

5 − 3.119 − 0
I
I
Y11 + 9.4505
11
11
1.881

Y121 + 89.31195025
11
11
1.881
√11 + 8.119268205

𝑍: =
𝑍: =

1.881
√19.1192682
1.881
4.372558542

𝑍: = 0.43018292
With 𝛼 = 0.05, 𝑍H⁄I = 𝑍:.:L⁄I = 𝑍:.:IL = 1.960.
Since 𝑍: < 𝑍H⁄I , there is not sufficient evidence to reject the
null hypothesis.
IV.
Figures 7a-7c. One Sample Z Test plots
for average photovoltaic voltage output

NORMALITY TESTS

The normal distribution of data is established through
probability plots of both the variables of the average
photovoltaic output voltage and the laser beam x-axis
alignment with a 95% confidence interval to understand
linearity of data and to see whether any data points are
obvious outliers.

For both variables in question,
𝑍: = 0 and 𝑍H⁄I = 𝑍:.:L⁄I = 𝑍:.:IL = 1.960.
Since 𝑍: < 𝑍H⁄I , there is not sufficient evidence to reject the
null hypothesis. The 𝑝 − 𝑣𝑎𝑙𝑢𝑒 > 𝛼 = 0.05 also validates the
presumption that there is not sufficient evidence to reject the
null hypothesis.
Hypothesis testing can also be used for testing the difference
in means of 2 populations with variances known (as the
inference on the means of 2 populations, variances known)
using the following null and alternative hypothesis
𝐻: : 𝜇= − 𝜇I = Δ:
𝐻= : 𝜇= − 𝜇I ≠ Δ: ,

Figure 8a. Probability plot of Average Output Voltage with 95% CI

it can be taken that Δ: = 0 for when the null hypothesis
considers the ratio between the mean photovoltaic output
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Figure 8b. Probability plot of Laser Beam X-Axis
Alignment with 95% CI

V.

ANALYSIS OF VARIANCE (ANOVA)

The analysis of variance (ANOVA) calculations demonstrate
the variability in the regression analysis data model using the
single-factor experiment data, regarding the times
(“treatments”) at which the voltage outputs (“observations”)
were taken as 𝑛 = 1 to 𝑛 = 300.

Figure 10a-10c. ANOVA Test Plots

VI.

REGRESSION ANALYSIS

The regression analysis is done through the simple linear
regression method. With the field data and normal probability
plot of the residuals, it can be assumed that the output
responses and residuals are normally distributed. The
adequacy of the regression model is confirmed after finding
the coefficients 𝛽: and 𝛽= from the simple linear regression
equation:

Figure 9. ANOVA Test Statistics

𝑌 = 𝛽: + 𝛽= 𝑥 + 𝜖
where 𝜖 can be regarded as the random error of the voltage
sensor used in the experimental LPT system.
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The regression equation provides the conclusion that the
regression model meets the adequacy requirements for the
observed data points to fall within sufficient distances from
the estimated regression line. The regression equation results
in:
𝑌 = 3.97 − 0.169𝑥= + 𝜖
with 𝑌 as the parameter of interest and as the response
variable of the voltage output. Note that the data uses average
voltage output.
A test of the significance of the regression analysis can be
conducted as such:
𝐻: : 𝛽= = 𝛽=,:
𝐻= : 𝛽= ≠ 𝛽=,:
The test statistic using the coefficient estimator of 𝛽= is:
Figure 11. Regression Analysis Test Statistics

𝑇: =

𝛽b= − 𝛽=,:
𝑠𝑒(𝛽b= )

Using 𝛼 = 0.05 and with the rejection criterion for rejecting
the null hypothesis as
|𝑡: | > 𝑡 H,hiI
I

it is concluded that there is not sufficient evidence to reject the
null hypothesis with a slope constant 𝛽=,: = 0 with
𝑇: =

−0.169
≈ −0.556
0.304

since 𝑡 k,hiI = 𝑡 :.:IL,m = 2.306
l

and the calculated
|𝑡: | < 𝑡 H,hiI
is as

I

0.556 < 2.306.
This means that there is not sufficient evidence to claim that
there is a significant relationship between the average
photovoltaic voltage output and the laser beam x-axis
alignment as explained by the regression model (when taking
the photovoltaic output voltage data with the voltage sensor).
In other words, because the null hypothesis cannot be rejected,
the slope is determined to be the proposed 𝛽=,: = 0, which is a
slope of 0.
A notable parameter that is often overlooked is the inherent
error, 𝜖, of the instrumentation used in data collection. In this
case, the voltage sensor may produce major error sources that
Figures 12a-12c. Regression Analysis Models
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remain questionable. Hence the experiment is extended into a
secondary trial using a standard multimeter to obtain “float”
data type voltage outputs as both functions of various input
laser supply wattage and laser beam x-axis alignment. The
tabulated and graphical results are shown below:

Table 3. Secondary trial results: output voltages per input wattage as
functions of horizontal laser beam alignments
Figure 14. Regression analysis for V (1.4 W)
vs. horizontal alignment (mm)

Figure 13. Secondary trial results: output voltages per input wattage as
functions of horizontal laser beam alignments

The simple linear regression model for the secondary trial
demonstrates another regression equation that can determine
the implications of the relationship between the output voltage
per input wattage and the horizontal laser beam alignment.
Using the sample set from the laser power supply wattage at
1.4 𝑊:

Figure 15. Residual Plots for V (1.4 W) in response to the
laser’s horizontal alignment

Similar to the primary experimental regression analysis, a test
of the significance of the regression analysis for the second
trial can be conducted as such:
𝐻: : 𝛽= = 𝛽=,:
𝐻= : 𝛽= ≠ 𝛽=,:
The test statistic using the coefficient estimator of 𝛽= is:
𝑇: =

𝛽b= − 𝛽=,:
𝑠𝑒(𝛽b= )

Using 𝛼 = 0.05 and with the rejection criterion for rejecting
the null hypothesis as
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|𝑡: | > 𝑡 H,hiI

IX.

I

Future works include taking measurements from the output
temperature sensor plate for the efficient thermal sensing and
regulation system configured to the photovoltaic cell, with the
advanced system of a quad detector photovoltaic cell
geometry. The laser-based wireless power transmission’s
Gaussian beam intensity surface plot can be visualized in a
XYZ coordinate system, indicating the quantum wave
functions and probabilistic laser beam positions along the
photovoltaic cell in response to collimator distance changes
and laser power supply variables. Furthermore, a statistical
challenge could involve collecting data from multiple
populations of various environmental conditions and
comparing dependent variables affecting optical to electrical
power conversion efficiency, which could involve inferences
in multiple regression analysis in testing the significance of
empirical models with group regressors.

it is concluded that there is sufficient evidence to reject the
null hypothesis with a slope constant 𝛽=,: = 0 with
𝑇: =

−0.880
≈ −2.839
0.310

since 𝑡 k,hiI = 𝑡 :.:IL,m = 2.306
l

and the calculated
|𝑡: | > 𝑡 H,hiI
is as

FUTURE WORKS

I

2.839 > 2.306.
This means that there is a significant relationship between the
average photovoltaic voltage output and the laser beam x-axis
alignment which can be explained by the regression model
(when taking the photovoltaic output voltage data with a
multimeter), due to having a slope value other than the
proposed 𝛽=,: = 0.

X.
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